In this paper we identify and explain the different chemical interactions involved between a sol-gel matrix and photoinitiators used in the fabrication of optical waveguides. A well-established sol-gel matrix composed of 3-methacryloxypropyltrimethoxysilane, zirconium n-propoxide and methacrylic acid was developed, and two different photoinitiators (Irgacure® 819 and 1800) were added to the host matrix. Optical microscopy was used to characterise the structure of the waveguides as a function of the photoinitiator nature and concentration, and aging of the hybrid sol-gel material. It is clearly demonstrated that the width of the waveguides is strongly influenced by the sol aging. Furthermore, it is shown that degradation of photoinitiators occurs during the sol-gel process. Oxidation of the phosphonyl groups by the zirconium complex accounts for this results.
Introduction
Within the past decade, organically modified silicon alkoxides (R′ x Si(OR) 4 − x ) [1] [2] [3] [4] [5] [6] [7] [8] have been widely used for the preparation of hybrid organic-inorganic materials. These silicon alkoxides are commonly mixed with metal alkoxide species (R′ x M(OR) 4 − x ) to form co-hybrid materials (M = Al, Ti, Zr) or co-organo-siloxane polymers (M = Si).
These materials are considered as biphasic materials, where the organic and the inorganic phases are mixed at the nanometer to submicrometer scales. However, the properties of these materials are not just the sum of the individual contributions of both phases; the interfaces play a major role and therefore, these compounds [9] have been divided into two distinct classes. In class I, organic and inorganic compounds are mixed together and only weak bonds (hydrogens, van der Waals or ionic bonds) give cohesion to the whole structure. In class II, the two phases are linked together through strong chemical bonds (covalent or iono-covalent bonds). Among these materials, photopatternable organo-siloxane polymers [10] [11] [12] [13] [14] [15] have been investigated for the development of channel waveguides for application in the telecommunication field. In this context, the structure that provides the lowest propagation losses [16] is similar to that of an optical fibre (a core surrounded by a cladding). Within such structures, the propagation of the light can be affected by scattering and/or absorption processes. Scattering results primarily from structural inhomogeneities in the material. Therefore, the structure of the host matrix must be as homogeneous as possible.
Recently, many studies [16] [17] [18] were focussed on the development of sol-gel materials with high transparency at the telecommunications wavelengths. However, none of these studies focussed on the fundamental understanding of the photopolymerisation processes involved during the waveguide formation, nor on the nature or the concentration of the photoinitiators used. Furthermore, a good understanding and control of these phenomena is of high interest for these materials are to gain widespread industrial use. The nature of the photoinitiators and their concentration may have a critical role not only in the photoreactivity of the sol, but may also play a significant role in the stability of the materials during storage.
The aim of the work reported here was to optimise the waveguide fabrication conditions in a well-established organosiloxane sol-gel material. UV-visible and Real-Time Fourier Transform Infrared Spectroscopy (RT-FTIR) spectroscopic techniques have been used to characterise the stability of the photoinitiators within the sol-gel matrix, and 31 P liquid Nuclear Magnetic Resonance ( 13 P NMR) spectroscopy has been used to identify the chemical reactions involved between the material and photoinitiators.
Experimental part

The material
The synthesis of the sol-gel matrix was based on the formation of a stable and homogeneous sol obtained from the mixture of a photosensitive organically modified silicate, the hybrid precursor 3-methacryloxypropyltrimethoxysilane (MAPTMS, Assay~99% in methanol, Aldrich), zirconium (IV) n-propoxide (Zr(OPr) 4 , Assay~70% in propanol, Aldrich) and methacrylic acid (MAAH, C 4 H 6 O 2 , Assay N 98%, Aldrich) in molar ratio of 2.5:1:1.
The difference in reactivity between alkoxides implies a three-step process as sketched in Fig. 1 . MAPTMS was first prehydrolysed with an aqueous solution (HCl 0.01 N), employing 1:0.75 water to alkoxide ratio. As MAPTMS and water are not miscible, the hydrolysis was performed in a heterogeneous way. After 20 min of stirring, the production of methanol became sufficient to allow the miscibility of all species introduced in solution. To control the hydrolysis-condensation of Zr(OPr) 4 , MAAH was used to covalently chelate the zirconium atom through two oxygen atoms. This was done by employing a stoichiometric molar ratio of chelating agent to the zirconium alkoxide.
After 45 min of reaction, the pre-hydrolysed MAPTMS solution was added dropwise to the zirconium complex in order to avoid any precipitation. The last step consisted of introducing in the resulting mixture, water (pH = 7), to perform the hydrolysis of the sols. The ratio of water to total alkoxide was 2. The final sol was left stirring for 24 h before the addition of the photoinitiators (Irgacure® 819 and 1800) to complete the synthesis of the photosensitive hybrid sol (Fig. 1) .
Irgacure® 819 is composed of bisphenyl(2,4,6-trimethylbenzoyl) phosphineoxide (Fig. 2A) . Irgacure® 1800 is a mixture of 25% of bis(2,6-dimethoxybenzoyl)-2,4,4-trimethyl-pentylphosphineoxide and 75% of 1-hydroxy-cyclohexyl-phenyl-ketone generally called Irgacure 184 (Fig. 2B ). Both photoinitiators were generously provided by Ciba Specialty Chemicals Co. (Basel, Switzerland) and all chemicals were used without any further purification. For the purposes of our experiments, two compositions labelled "sol A" and "sol B", containing different concentrations of photoinitiators were developed. As indicated in Table 1 , "sol A" and "sol B" contain respectively 5.6 and 2.2 wt.% of photoinitiator. The characteristics of these two formulations are listed in the Table 1 . The molar ratios of MAPTMS to photoinitiator are 20 and 50 for sol A and sol B, respectively. The optical densities of sol A and sol B at the writing laser wavelength (325 nm) are 0.11 and 0.05 respectively for a 10-μm film. In these conditions, neither internal filter nor photopolymerisation in the bulk cause problems.
The photoinitiator plays a key role in UV-curable systems by generating the reactive species, free radicals or ions, which initiate the polymerisation of the multifunctional monomers and oligomers. Among the radical-type photoinitiators currently used in UV-curable systems, acylphosphine oxides [19] [20] [21] were found to give the best performances. These performances are attributed to several factors such as: a strong absorption in the UV range (300-450 nm), a large quantum yield of free radical production, and a fast photolysis upon UV exposure. Moreover, the reactivity of phosphinoyl radicals [22] [23] [24] toward some monomers and particularly with the acrylate double bonds is mainly responsible for the higher initiation of this type of monomers.
For all these photoinitiators, the production of radicals [24] occurs by a fragmentation reaction process named Norrish I. The cleavage of the C-P bond of Irgacure® 819 upon irradiation is presented in Fig. 3 . The result is the formation of two radicals, a benzoyl radical and a phosphinoyl radical.
The main component of the second photoinitiator (Irgacure® 1800) is the 1-hydroxy-cyclohexyl-phenyl-ketone. Upon UV irradiation, this molecule is able to create two radicals [25] by a fragmentation process (Fig. 4) . Radical production of the second component of Irgacure® 1800 (bis(2,6-dimethoxybenzoyl)-2,4,4-trimethyl-pentylphosphineoxide) occurs in a similar way to the one depicted in Fig. 3. 
Experimental techniques
Waveguide fabrication process
The resulting sols were filtered through a 0.2 μm Teflon filter and spin-coated onto silicon substrates under a saturated alcohol atmosphere. The alcohol atmosphere controls the evaporation rates of the solvents and produces a significant improvement in the film homogeneity. Typically, to achieve film thicknesses of 6 μm, spin-coating speeds between 1200 and 1500 rpm were employed, depending on the viscosity of the sols.
The fabrication of waveguides via UV exposure was carried out by using the direct laser-writing process. The laser-writing system comprises a He-Cd laser (Kimmon Electric Co Ltd, λ = 325 nm) and a computer-controlled two-axis linear motor system, permitting the writing of any desired optical circuit.
In order to accurately write waveguides of the desired dimensions, the incident energy on the sol-gel layer must be precisely controlled. This is achieved via the balancing of two laser-writing parameters, the writing speed and the laser beam energy. An empirical study was performed in order to optimise parameters for each different material. Typically, this was achieved by holding the writing speed constant (0.6 mm/s) and varying the laser beam energy from 200 to 6200 mJ cm − 2 . The laser spot has ca a 6-μm diameter.
The purpose of this experiment was to draw conclusions about the structure of the sol-gel materials and how they behave when exposed to UV energy. These conclusions were drawn by observation of the waveguides that were fabricated over the range of UV energies indicated, in conjunction with the other techniques.
After irradiation, samples were rinsed in 1-butanol for approximately 20 s in order to remove unpolymerised parts of the sol-gel film. Excess alcohol was finally removed from the waveguides under a stream of nitrogen.
Spectroscopic techniques
In recent years, Density Functional Theory (DFT) [26] [27] [28] [29] has been applied to study a vast range of properties of molecular systems. In particular, DFT is the method used to obtain the optimum geometrical structure, through minimization of the forces acting on the constituent atoms. This method is shown to be accurate for the description of both photoinitiators, Irgacures® 819 and 1800, and transition states were fully optimised at the UB3LYP/6-31G* level with the program called Gaussian 03. The main absorption bands of both photoinitiators are obtained by a time-dependant domain, which can be also used to determine excited states: the method names MPW1PW91, the calculation method calls 6-31G*. The UV-visible absorption spectra (200-800 nm) of the photosensitive hybrid sols were obtained using a Cary Varian 50 scan spectrophotometer with a resolution of 4 cm − 1 . The scan speed was 600 nm/min. Samples were prepared by sandwiching the liquid sol between two quartz films in order to obtain a film of 100 μm thickness. 31 P liquid NMR spectra were recorded at room temperature from liquid solution. T1 measurements made on the formulations shows that 4 s recycle delay time with a 6 μs pulse duration, was sufficient for quantitative measurements. The chemical shifts were referenced with respect to Tetramethylsilane, used as external reference. The Free Induction Decay processing used a 10 Hz line broadening. All times reported on experimental NMR spectra illustrate the duration of the chemical reaction characterised. They also represent the start point of NMR acquisition. Each recorded spectrum is an average of all previously obtained spectra during the instrument acquisition time. Five hundred scans were accumulated for each spectrum.
The kinetics of the radical photopolymerisation of the monomer were followed by RT-FTIR. This technique [30, 31] is sensitive, non-destructive and is usually used to monitor structural and compositional changes. The infrared absorption spectra of the sols were recorded by a Fourier Transform InfraRed (FTIR) spectrometer (model Avatar 360, Nicolet) with a resolution of 4 cm − 1 and 482 scans for each sample. All the RT-FTIR experiments described in this investigation were performed at room temperature with UV light emitted by Xenon arc source equipped with a waveguide. The intensity of the UV light was adjusted to 140 mW/cm 2 and the duration of photopolymerisation was fixed at 600 s. The RT-FTIR analysis was carried out under atmospheric conditions. The progress of the polymerisations of the photosensitive organic-inorganic hybrid sol was determined by monitoring the decrease of the 1638 cm − 1 band corresponding to the double band of the acrylate function of the MAPTMS precursor. After baseline correction, the conversion ratio χ c of the functional group can be calculated after measurement of the absorbance at each time of the reaction as following:
where χ c is the conversion ratio of these reactive functions at t time, A 0 is the initial absorbance (before UV irradiation) and A t is the absorbance of the functional groups at t time.
The actual rate of polymerisation (R p ) can be easily determined at any stage of the reaction from the slope of the RT-FTIR curve dv c dt and the initial concentration of the photosensitive
3. Results and discussion 3.1. Photochemical processes involved in the waveguide fabrication 3.1.1. Influence of aging time on the waveguide fabrication Fabrication of two waveguides from sol A, which had been subjected to different aging times, revealed some differences. This problem of reproducibility is most likely explained by a non-stable formulation caused by either an increase in viscosity due to the sol-gel process or a loss of photochemical stability in the formulation. These waveguides were observed by optical microscopy and their structure was characterised by evaluating their width. Fig. 5 presents the structure of two waveguides obtained from sol A, after respectively 1-h and 4-day aging.
The width of the waveguides decreases from 9.39 to 5.42 μm when aging time changed from 1 h to 4 days. The writing speed and the laser beam energy remained constant for both experiments. Generally, in progressing from 1-h to 4-day aging, the sol structure changes as condensation proceeds, resulting thus in a viscosity increase. The sol can be compared to a highly branched multifunctional monomer. Previous studies showed that changes in the condensation state of the silicate backbone are strongly linked to the polymerisation rate and final conversion ratio. It has been found [32] that polymerisation proceeds more efficiently for condensed systems. Oxygen inhibition effects are less important. In consequence, growing radical chains are created faster than they are inhibited and photopolymerisation can proceed significantly. As a result, one can expect that waveguide width increases with the aging time. However, as Fig. 5 shows the opposite result, the loss of photochemical stability as a function of aging time can account for the decrease of the waveguide width.
To pursue this line of thought, the evolution of the photoinitiators concentration within the sol was thoroughly studied during the aging process. DFT simulations were carried out in order to determine the effect of the organic groups on the transition bands of the photoinitiators. This acted as a guide to the subsequent UV absorption spectroscopy analysis of both sols, which was carried out at regular intervals throughout the aging process.
DFT measurements and UV-visible analysis
For quantifying the respective contribution, and avoiding the matrix effect on the peculiar molecular vibration, Irgacures® 819 and 1800 (0.001 wt.%) were separately dissolved in a nondestructive solvent, acetonitrile, and UV spectra were recorded (Fig. 6) .
The absorption spectrum of Irgacure® 819 shows three main bands located at 295, 370 and 395 nm, respectively. DFT measurements confirm that the absorption band observed at 295 nm corresponds to a ππ* transition of the carbonyl groups. The two bands located at 370 and 395 nm are related to an nπ* transition resulting from the conjugation of the phosphonyl group with the carbon and oxygen atoms of the adjacent carbonyl groups.
In the case of Irgacure® 1800, two absorption bands are observed at 245 and 285 nm. These peaks correspond to a ππ* transition resulting from a conjugation of the phenyl with carbonyl groups. A shoulder appears at 312 nm: this peak is attributed to the nπ* transition resulting from the conjugation of the phosphonyl group with the carbonyl groups.
Since a photoinitiator degradation could explain the loss of the photochemical reactivity of the formulation, UV-visible spectra were recorded over a period of 5 days (Fig. 7) . Particular attention has been paid to the variation in absorbance of the photosensitive hybrid sols at the UV-exposure wavelength (325 nm) and on the absorption band of phosphonyl groups in both photoinitiators, namely 312, 370 and 395 nm. The phosphonyl groups were monitored here in light of previous work [33] , which demonstrated the degradation of the phosphonyl group of Irgacure® 819 in the presence of titanium alkoxides.
UV-visible spectra of sols A and B behave similarly in the 250-450 nm spectral range. The results in Fig. 7 show that the optical densities of both sols, A and B, significantly decrease over the whole period of measurement. In general, optical densities for sol A are higher than those measured for sol B. This is mainly due to the initial concentration of photoinitiator which is three times higher for sol A.
It should be noticed that the absorption between 275 and 450 nm mainly results from the presence of the photoinitiators. Indeed, as shown (OPr) 4 /MAAH complex absorption. Increasing aging time does not contribute to any significant absorbance change.
Therefore the decrease in absorbance observed in Fig. 7 can only traduce a strong degradation of both photoinitiators within time, as reported in Table 2 . From 96 h, absorption at 370 and 395 nm totally disappeared for both samples, which reveals that the vibration of the phosphonyl group at this wavelength is fully degraded whatever the initial concentration. At the UV-exposure wavelength (325 nm), optical density decreases from 1.14 to 0.11 for sol A, and from 0.51 to 0.06 for sol B. According to these results, it is clear that the sol-gel matrix strongly affects the stability of both photoinitiators. Such a phenomenon can only be explained by a fast and irreversible chemical reaction, which most likely involves the same mechanism on their common group (phosphonyl group).
To understand the mechanism of this degradation and to identify the chemical species responsible for this phenomenon, Irgacures® 819 and 1800 were separately dispersed in all the precursors initially used for the sol-gel synthesis. Corresponding UV-visible spectra were recorded as a function of aging time. Figs. 9 and 10 exhibit respectively the evolution of Irgacure® 819 and Irgacure® 1800 respectively, each dissolved separately in MAPTMS, MAAH and Zr(OPr) 4 . The positions of the corresponding absorbance maxima at different aging times are summarised in Table 3 for Irgacure® 819.
The optical densities of the sol MAAH and Irgacure® 819 at 295 nm, over the mixing period, are too high to extract some conclusions: MAAH absorbs in this domain. In the presence of MAAH and MAPTMS, three bands are identified at 295, 370 and 390 nm, the intensities of which do not significantly change within time. These differences can primarily be explained by different interactions with the matrices and photoinitiators.
Dissolved in the pure Zr(OPr) 4 , Irgacure® 819 presents three absorption bands located at 295 370 nm and 395 nm, the intensities of which decrease regularly during aging to reach 0.45, 0.02 and 0.00 respectively, after 69 h of aging. Furthermore, it is important to note that at 325 nm, the absorbance is nearly nil in the presence of Zr(OPr) 4 and remains at its initial value in the presence of MAAH and MAPTMS.
As shown in Figs. 9 and 10, MAPTMS and MAAH do not influence either the absorption of Irgacure® 819 or Irgacure® 1800. For Zr(OPr) 4 /I1800 mixture the absorption band of the phosphonyl group (312 nm) progressively decreases. There is only a residual absorption at 236 and 285 nm corresponding to the absorption band of the main component of the photoinitiator Irgacure® 1800, namely Irgacure® 184. According to these results, it is clear that zirconium propoxide is the only species involved in the degradation of both photoinitiators, especially in degrading the phosphonyl groups. However, the chemical reaction involved in this process as well as the macromolecular network structures is still unknown. This was the purpose of the following NMR study.
3.1.3. 31 P liquid NMR analysis As both photoinitiators contain a phosphonyl group, liable to oxidation by the zirconium complex, it was decided to characterise the evolution of the phosphorus nuclei environment utilising 31 P liquid NMR spectroscopy on solutions containing Irgacure® 819. Solutions of Irgacure® 819 were used because it is the photoinitiator with the highest concentration of phosphonyl groups.
The 31 P liquid NMR spectrum of the pure Irgacure® 819 (not shown) displays a single peak at −1.54 ppm demonstrating the high purity of the photoinitiator used. The 31 P liquid NMR spectra exhibited in Fig. 11 , show the response of the sols containing Irgacure® 819 and left for three different aging times.
Spectrum M, recorded immediately after 10 min of stirring of the sol containing Irgacure® 819 shows the disappearance of the main peak initially located in the precursor at − 1.54 ppm and at the same time shows the appearance of two new peaks at − 6.57 and − 6.72 ppm. Spectrum M1 was obtained after 24 h of aging, and highlights the presence of three peaks located at − 6.45 (84.3%), − 17.34 (5.6%) and − 18.88 ppm (10.1%). The disappearance of the two peaks observed for sample M is also evident. After 48 h of aging, the spectrum obtained (M2) shows the exact same peaks observed after 24 h of aging, but with different contributions (75.7, 8.3 and 16%, respectively).
Results obtained from studying the reaction kinetics of Irgacure® 819 in the hybrid sol show a fast reactivity in the first minutes and then stabilisation of the structure from 1 to 2 days. Initially, upon addition of the photoinitiator to the sol, the shift toward lower chemical values observed for sample M, indicates a significant decrease in the electron density. Such behaviour can only be explained by a strong chemical reaction of the photoinitiator with the reactive groups present in the sol. A previous 100 μm is the thickness of the film. 3 cyclic or polycyclic oligomers study [12] of our hybrid material was conducted in order to understand the chemical mechanisms involved within the sol-gel synthesis and the chemical species present in the final material. This study showed that the silicate groups were only present as siloxane groups (Si-O-Si) and the only reactive species were identified as hydroxylated zirconium groups (Zr-OH). According to this previous study, we can expect that the degradation of the photoinitiator is essentially caused by oxidation reactions involving Zr-OH groups and the reactive bonds contained in the phosphonyl molecule. The main chemical reaction consists of a nucleophilic attack of the Zr-OH groups on the phosphorus nuclei. Moreover, the electropositive character of the photoinitiator is reinforced by the presence of two adjacent carbonyl groups that favour the nucleophilic attack by the Zr-OH groups, as previously described [34] [35] [36] in closed materials. The numerous peaks observed were identified to originate from both the normal and the tridendate character of the phosphorus atom that can induce several kinds of oligomer structures [36] : linear, cyclic and polycyclic. On this basis, we can assign all the observed peaks in Table 4 . This result demonstrates that the degradation of the Irgacure® 819 is essentially caused by the presence of Zr-OH groups in the sol-gel material. The aforementioned degradation provokes the formation of phospho-zirconate molecules exhibiting NMR peaks at lower chemical shifts, which can be explained by a progressive decrease of the sterical hindrance in the environment of the phosphorus nuclei. The increase of the cyclic or polycyclic concentration, from 10.1% in sample M1 to 16% in sample M2, also indicates an evolution toward an immobilised structure where the phosphorus atom is at the centre. Arrays of waveguides were fabricated on spin-coated films of sol A. Each array was laser written at a constant speed while increasing the incident UV energy slightly for each waveguide. Fig. 12 displays the evolution of the width of waveguides according to different laser beam energies and different aging times. The clear general trend is that the width of the waveguides shows a decrease with increasing aging time. In addition, the width of waveguides is almost constant for the sol A after a 4-day aging whereas it depends on the light energy for sol A with a 1-h aged formulation. These results can be explained by the fact that for a 1-h aged formulation, there is almost no photoinitiator degradation. An increase in light energy is linked to an increase in radical formation that overcomes the O 2 inhibition effect [37, 38] and accounts for a more efficient polymerisation. Combination of Irgacure® 819, which is an highly reactive photoinitiator [39] , and increasing energy density allows the polymerisation to extend near the edges of the irradiated areas. Waveguide width can reach twice the value of the laser beam diameter. For energy density higher than 3200 mJ/cm 2 there is a levelling off of the waveguide width. This result can be explained by the fact that the threshold energy density is reached to overcome the inhibition effect of oxygen. Radicals are generated in sufficient amount at the frontier between dark and illuminated areas to initiate the polymerisation and lead to propagation of the reaction. For the 4-day aged formulation, we know from UV-visible results that total degradation of Irgacure® 819 is achieved after which time, the only remaining photoinitiator species in the sol is Irgacure® 184 (which is the non-phosphonyl containing part of Irgacure® 1800). Irgacure® 184 has a smaller molar extinction coefficient at 325 nm in comparison to Irgacure® 819. In addition, the resulting radicals are less efficient [39] than those obtained for Irgacure® 819. As a result, photopolymerisation proceeds but the O 2 inhibition effect cannot totally be counterbalanced by a more important radical production when the light intensity is increased. Therefore, waveguide width is smaller than the laser beam for low energy density. Polymerisation cannot take place at the frontier of illuminated and dark regions because of the continuous replenishment of oxygen that is dissolved in the layer and that diffuses from the surrounding atmosphere. As a result, polymerisation cannot propagate in the dark regions and the waveguide width only slightly increases. In terms of reproducibility and correlation between both the laser beam diameter and the waveguide width, the use of Irgacure® 184 only could be interesting.
Influence of the aging time on the polymerisation
To precisely follow the photopolymerisation process of hybrid sol-gel materials [40] , the kinetics of reaction were monitored using RT-FTIR. Fig. 13 shows the influence of the aging time on the kinetic parameters of the photopolymerisation under ambient atmosphere. As summarised in Table 5 , the aging time provokes a decrease of both the polymerisation rate and the final conversion ratio.
However, this has a more significant effect on sol B. This is primarily due to the degradation of Irgacure® 819, as previously demonstrated in Sections 3.1.2 and 3.1.3. Due to the fact that there is a lower photoinitiator concentration in sol B compared to sol A, the O 2 inhibition effect is less counterbalanced in sol B. This is reflected in an increased inhibition period, a lower polymerisation rate and a limited final conversion ratio.
The overall results obtained in this paper combine to show that photoreactivity properties are intimately linked to the photoinitiator stability within the sol-gel materials. Insofar as Irgacure® 1800 shows a better stability during all the aging process, since it contains 75 wt.% of Irgacure® 184, we decided to focus our work on the optimisation of formulations based on this photoinitiator.
Optimisation of the waveguide fabrication
For a possible industrial application, the sol should be stable with aging and films should exhibit a low sensitivity to waveguide width deviations over a wide range of UV-exposure energy densities. With this goal, the formulation investigated contained only Irgacure® 1800. The molar ratio between MAPTMS and Irgacure® 1800 was 20 (5 wt.%). From this material, an array of waveguides were fabricated and characterised by optical microscopy. Fig. 14 shows waveguide width as a function of the UVenergy used for their fabrication, both using 1-h and 4-day aged sols. In both cases, we can observe that the waveguide width is consistently in the range of 5 and 6 μm up to 2000 mJ cm − 2 , and then remains quasi-stable between 6 and 7 μm up to the highest energies. For low energy densities, the waveguide width is below the laser beam diameter. However, beyond a certain energy dose, the polymerisation leads to an increase of the waveguide width, which reaches the laser beam diameter. As shown in Fig. 15 , the thickness of the coating was adjusted at 6 μm and this enabled the production of squared waveguides.
According to these results, the stability of the photoinitiator in the formulation appears to be the most critical parameter in the fabrication of stable and reproducible waveguide structures.
Conclusion
An organic and inorganic photosensitive hybrid sol-gel material was synthesised and its interaction with two different photoinitiators thoroughly studied. UV-visible spectroscopy was used to characterise the stability of both photoinitiators over time. It revealed that Irgacure® 1800 was less affected by the presence of the sol-gel matrix during all the aging process. On the other hand, degradation of Irgacure® 819 started immediately after a 1-h aging. 31 P liquid NMR highlighted that this degradation was intimately linked to the oxidation of the phosphonyl groups present in both Irgacure® 819 and Irgacure® 1800. Owing to these results, a formulation utilising only Irgacure® 1800 was developed and used for the fabrication of optical waveguides. These waveguides exhibited similar structures up to 4 days of aging, suggesting that the stability of the photoinitiator in the sol is the critical parameter with regard to waveguide repeatability. The work reported in this paper will contribute to the prediction of the waveguide structure and repeatability as a function of the material composition, and will assist in more rational material design strategies.
